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A B S T R A C T   

This work studies the influence of the 2-hydroxyethylammonium acetate (2-HEAA) ionic liquid (IL) as an 
electrolyte in the electrochemical anodization of titanium for the synthesis of nanostructures for photo
electrochemical water splitting. Different 2-HEAA IL concentrations were used ranging from 0 to 4% v/v (IL-0 to 
IL-4) in electrolytes containing NH4F, water and ethylene glycol. Morphological, structural and electrochemical 
characterization of the nanostructures was carried out by means of field emission scanning electron microscopy 
(FE-SEM), high resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), electrochemical 
impedance spectroscopy (EIS), and Mott-Schottky (MS) analysis. Additionally, photoelectrochemical tests were 
carried out in order to evaluate the efficiency of these materials as catalysts for water splitting applications. 
According to the obtained results, the electrolyte used for electrochemical anodization should contain little 
amount of NH4F (0.05 M) in order to obtain efficient nanostructures for photoelectrochemical purposes. How
ever, small concentrations of IL (IL-0.25) resulted in nanostructures with higher photocurrents than doubling the 
NH4F concentration to 0.1 M. Therefore, the IL addition contributes to a more sustainable electrolyte formula
tion. The best photoelectrochemical response for water splitting processes was obtained for the nanostructures 
anodized with 1% v/v of 2-HEAA IL (IL-1) due to their high surface/area (higher pore diameters, smaller 
nanotubes wall thickness and higher nanotubes lengths), better crystallinity and electrochemical response, 
showing photocurrents more than 100% higher than the ones obtained for the nanotubes anodized without IL.   

1. Introduction 

In the last few decades, the scientific community has focused on 
finding an alternative to fossil fuels in order to satisfy the growing en
ergetic demand taking into consideration the need to reduce environ
mental pollution. Therefore, new technologies have been developed to 
generate energy from renewable sources. 

One of the most promising technologies is the use of molecular 
hydrogen in fuel cells, since water is the only by-product. Recently, 
attention has been drawn to the photoelectrochemical splitting of water 
to produce hydrogen (and oxygen). This process takes place in a pho
toelectrochemical cell, in which one possible configuration could be a 
semiconductor (photoanode) and a counter electrode (cathode) 
immersed in an electrolyte [1,2]. When sunlight shines onto the semi
conductor acting as a photocatalyst and applying a small polarization, 

electrons migrate from the valence band to the conduction band and 
electron-hole pairs are generated. The electrons reduce water into 
hydrogen at the cathode, while the holes at the photoanode/electrolyte 
interface take part in the water oxidation to oxygen [3,4]. 

Titanium dioxide has been stated as one of the most effective and 
useful materials for photoelectrocatalysis, due to its chemical and 
thermal stability, its appropriate morphological and optical properties 
and its low manufacture costs [5,6]. TiO2 nanostructures can be syn
thesized in many ways, but the electrochemical anodization of titanium 
has become one of the most popular in the research field. The main 
reasons for this are the relatively low investment and operational costs 
and the possibility of obtaining different nanostructures with con
trolled/tailored morphology based on anodization parameters (anod
ization voltage, electrolyte, time …) [7,8]. 

As outlined above, these nanostructures have been synthesized with 
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different morphologies, such as nanotubes, nanowires, nanopores, etc. 
Titanium dioxide nanotubes have gained increasing attention due to 
their high surface area to volume ratio, which has allowed to improve 
the photocatalytic activity of this material [9–11]. 

Taking all of this into account, investigation in this field has focused 
on experiment design in order to grow nanotubes with the best possible 
properties. For example, the composition of the electrolyte is one of the 
most determinant anodization parameters. The work of Assefpour- 
Dezfuly et al. (1984) [12] constitutes the first report on nanotubes or 
nanopores growth on titanium by electrochemical anodization using 
fluoride ions in the electrolyte Later, in 1999, this study was followed by 
Zwilling et al. [13] using hydrofluoric acid in the anodization solution 
for the formation of self-organized TiO2 nanotubes. For the growth of 
nanotubes, organic based electrolytes are usually employed containing 
ethylene glycol or glycerol, water and fluorides, which can be present in 
different forms: NH4F, HF, NaF … [8,14–17]. Nowadays, the use of ionic 
liquids for electrochemical anodization has been introduced in the 
synthesis of these nanostructures. Ionic liquids are highly conducting 
organic solvents, presenting important advantages compared to tradi
tional solvents, such as high electrochemical stability and no volatility. 
These liquids can be classified into two categories, depending on 
composition and synthesis: protic and aprotic [18]. Protic ionic liquids 
(PILs) present a much simpler manufacture process and fewer opera
tional costs than the aprotic ones. In addition, the protic group has a 
better toxicological profile and biodegradability [19,20]. 

In 2008, an ionic liquid was used for the first time in the electro
chemical anodization of titanium: 1-butyl-3-methylimidazolium tetra
fluoroborate [BMIM][BF4] [21]. Later on, more research was made and 
conditions were improved, using the same ionic liquid but different 
anodization parameters [14,22–24]. In recent years, more ionic liquids 
have been tried for this purpose, such as 1-ethyl-3-methylimidazolium 
tetrafluoroborate [EMIM][BF4], 3-methyl-1-octyimidazolium tetra
fluoroborate [OMIM][BF4] [25], 1-n-butylpyridinium chloride [BPy] 
[Cl] [26], 1-n-butyl-3-methylimidazoly chloride [BMIM][Cl] [22] and 
ethylammonium nitrate [EAN][NO3] [27]. However, studies have 
focused on the use of aprotic ionic liquids, whose synthesis is not 
environmentally friendly. Therefore, further research in the use of protic 
ionic liquids is a promising pathway, with the purpose of introducing 
PILs to grow nanotubes by electrochemical anodization reducing the use 
of fluorides, thus contributing to a more sustainable electrolyte 
formulation. 

In the present work, we study the synthesis of self-organized TiO2 
nanotubes by the anodization of Ti in electrolytes composed of ethylene 
glycol (EG), water, ammonium fluoride, and the ionic liquid (2- 
hydroxyethyl)ammonium acetate, which is a protic ionic liquid. In 
particular, we investigate how different ionic liquid concentrations in
fluence the morphology, structure, electrochemical and photo
electrocatalytic activity of the TiO2 nanotubes formed by 
electrochemical anodization. 

2. Experimental 

Titanium foil (1 × 1 cm) was ultrasonically washed in acetone, 
ethanol and deionized water for 5 min for each solvent and then dried in 
a nitrogen stream. Anodization took place in a two-electrode electro
chemical cell, where the titanium foil was used as the working electrode 
and Ag/AgCl (3 M KCl) as the reference electrode. The electrolyte used 
was composed of ethylene glycol, EG, (98% v/v), ammonium fluoride 
(0.05 M NH4F), deionized water (1 M), and the ionic liquid 2-HEAA IL 
(0.25, 0.50, 1.0, 2.0 and 4.0% v/v, named as IL-0.25, IL-0.5, IL-1, IL-2 
and IL-4). The different samples (with an exposed area to the electrolyte 
of 0.5 cm2) were anodized for 30 min under a voltage of 55V. After each 
test, anodized films were washed with ethanol and deionized water and 
then dried with a N2 stream. The last step to obtain a non-amorphous 
structure was the annealing of the films in air at 450 ◦C for 1h. 

We must remark that the ionic liquid (2-HEAA IL) was synthesized at 

the laboratory following the method reported elsewhere [28,29]. The 
characterization undertaken to check the method of synthesis and the 
purity of the IL was made by Fourier transform infrared (FTIR) spec
troscopy and carbon nuclear magnetic resonance spectrum (RMN). The 
results are shown in Figs. S1 and S2. The spectra obtained agree with 
that expected for this ionic liquid [30]. 

The dynamic viscosity of the different electrolytes used during the 
experiments was measured by a viscometer (DV-II. Brookfield Engi
neering Laboratory, U.S). Conductivity measurements were also carried 
out using a conductivity meter. 

The morphology of the nanotubes was studied by the technique of 
field-emission scanning electron microscopy (FESEM), collecting images 
at an operation voltage of 5 kV with a Hitachi S4800 microscope, and by 
high resolution transmission electron microscopy (HRTEM) using a FEI 
Tecnai G2 F20 TWIN with an operation voltage of 200 kV. 

To confirm the crystalline structure of TiO2 formed in the films X-ray 
diffraction (XRD) patterns were collected using a Philips X’Pert 
diffractometer equipped with a graphite monochromator operating at 
40 kV and 30 mA, and employing nickel-filtered CuKα radiation (λ =
0.1542 nm). 

Additionally, band gap values of the different nanostructures were 
calculated, by means of the Tauc plot, from UV–Vis absorbance mea
surements using a spectrophotometer (Shimadzu) in the wavelength 
range of 200–800 nm. 

The electrochemical and photoelectrochemical water splitting tests 
were carried out in a three-electrode cell, connected to a potentiostat 
(Palmsens4). The TiO2 nanostructure was placed as the working elec
trode and only 0.5 cm2 of it was exposed to the test solution. A platinum 
tip was used as the counter electrode and a saturated Ag/AgCl (3 M KCl) 
as the reference electrode. 

For both electrochemical and photoelectrochemical measurements, 
1 M KOH was used as the electrolyte solution. Electrochemical imped
ance spectroscopy experiments were performed at 0.5 VAg/AgCl using an 
amplitude of 0.01 V and scanning frequencies from 100 kHz to 0.01 Hz, 
while Mott-Schottky plots were carried out at a 5000 Hz frequency, 
scanning the potential from 0.5 to − 1 VAg/AgCl. 

The photoelectrochemical water splitting tests took place under UV 
light (λ = 365 nm) provided by a LedControl UV LED (Opystec Dr. 
Gröbel, Germany) at a power of 100 mW/cm2. Photocurrent density vs. 
applied potential was recorded by chopped light irradiation (60 mA in 
the dark and 20 mA in the light), while scanning the potential from − 0.4 
V to +0.54 V with a scan rate of 5 mV/s. 

3. Results and discussion 

3.1. Physicochemical properties of electrolytes 

Dynamic viscosity and conductivity of the electrolytes used in the 
formation of the nanotubes, composed of ethylene glycol, water and 
NH4F, and different amounts of 2-HEAA were determined. These prop
erties affect the morphology of the nanostructures, since the diffusion 
and mobility of the ionic species to the anode and further penetration 

Table 1 
Dynamic viscosity and conductivity of pure 2-HEAA and of electrolytes used in 
TiO2 nanostructures synthesis.  

Samplea Viscosity (mPa⋅s) Conductivity (μS/cm) 

IL-0 10.20 353.7 
IL-0.25 7.68 455.3 
IL-0.5 7.68 513.7 
IL-1 8.96 666.7 
IL-2 7.68 989.7 
IL-4 15.40 1439.7 
2-HEAA 286.70 340.0  

a Electrolyte composed of ethylene glycol, water 1 M, NH4F 0.05 M and 2- 
HEAA (expressed in % v/v). 
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through the oxide layer, depend on them [25,26]. Table 1 shows the 
results corresponding to the different electrolytes. 

According to Tables 1 and it is clear that for the electrolytes with 2- 
HEAA concentrations between 0.25% and 2%, viscosities are similar to 
each other but lower than the electrolyte without ionic liquid. This 
decrease can be explained by the rupture of cation-cation, anion-anion 
and cation-anion bonds due to the weakening of electrostatic and Van 
deer Waals interactions between the 2-HEAA ions [27]. On the other 
hand, when the amount of ionic liquid is increased up to 4%, there is a 
significant rise in the viscosity of the electrolyte. This behavior is due to 
the strong effect of the elevated viscosity of the ionic liquid, which 
prevails over the ionic interactions. Moreover, a coordination complex 
may be formed between the acetate of the ionic liquid and titanium, 
since the formation of a Ti-acetate complex has been reported before 
[31]. 

Furthermore, the conductivity of the electrolyte increases with 
increasing 2-HEAA concentration. As the presence of ions grows, it is 
easier to conduct electric current. However, for the pure ionic liquid the 
conductivity significantly drops due to the low ion mobility because of 
its very high viscosity [32,33]. 

3.2. Electrochemical anodization of titanium 

Fig. 1 shows the current density registration during the electro
chemical anodization of titanium foil at 55V, representing the balance 
between the rate of titanium oxide formation by the application of a 
potential, and the rate of its dissolution due to the presence of fluoride 
ions in the electrolyte. It is possible to appreciate the three typical stages 
of nanotube growth in all curves except in the one corresponding to 4% 
v/v 2-HEAA electrolyte (IL-4). 

As can be observed in Fig. 1, first, the current density abruptly drops 
as a consequence of the formation of a compact titanium oxide layer. 
Later, fluoride ions begin to attack the oxide layer, forming the soluble 
complex [TiF6]2- (Eq. (1)) as the same time as random and irregular 
nanopores begin to appear on the layer. This phenomenon corresponds 
to a slight increase in the current density curve, known as the second 
stage. 

TiO2 + 6F− + 4H+ → [TiF6]
2−

+ 2H2O (1)  

In the final stage, current density distributes evenly between the pores, 
which leads to the regular growth of nanotubes. This means that the 
formation of titanium dioxide is faster than its dissolution by the fluoride 
ions. In Fig. 1, this is represented by a slight decrease in current density 
at first, and by the stabilization of the curve to end. At this point, the rate 
of formation and dissolution of the oxide are almost the same, and 

nanotubes grow in length until the end of the anodization. 
It is clear that the registered curves in Fig. 1 are smooth and present 

no important fluctuations. This means that the organic nature of the 
electrolyte helps to achieve moderate oxidation and chemical dissolu
tion rates [34]. Additionally, neither the current density nor the rate of 
nanotube growth present significant differences when comparing the 
curves of IL-0, IL-0.25 and IL-0.5. On the other hand, the higher current 
densities registered when anodization was carried out in IL-1 might be 
related to higher reaction rate in all the anodization stages. 

When IL-2 was used for electrochemical anodization, stage II of 
nanotube growth occurs later in time, which means that the nano
structures are formed more slowly. This behavior can be explained by 
the organic contribution (bigger size of the molecules presented in the 
electrolyte due to its higher concentration in ionic liquid), leading to 
steric hindrance in the interaction between fluoride ions and the oxide 
layer. 

Observing the curve corresponding to the IL-4, it is clear that only a 
compact oxide layer grows, and no nanotubes are formed, since the 
current density drops at the beginning of the process until it reaches a 
minimum and the system stabilizes. Once again, the difficulty of the 
interaction between the fluoride ions and the oxide layer caused by 
steric hindrance explains this phenomenon, as well as by the high vis
cosity of the solution which makes it more difficult for the species to 
diffuse through the electrolyte [8,33,35]. 

3.3. Morphological characterization of the photoelectrocatalysts 

To determine the influence that (2-hydroxyethyl) ammonium acetate 
exerts on the structure and morphology of the anodized samples, FE- 
SEM images were obtained (Fig. 2 and S3). 

On the one hand, images corresponding to IL-0 to IL-2 (Fig. 2a–e and 
S3a-e) confirm the growth of titanium dioxide nanotubes. On the other 
hand, Fig. 2f (IL-4) reveals the formation of a compact metal oxide layer, 
and no nanostructures whatsoever. Nanotubes cannot be formed since 
the high viscosity hinders the ion mobility through the solution and 

Fig. 1. Current density curves recorded during electrochemical anodization at 
55V using an EG, 1 M H2O, 0.05 M NH4F electrolyte with different concen
trations of 2-HEAA (% v/v). 

Fig. 2. FE-SEM top images of the titanium dioxide nanostructures synthesized 
by titanium electrochemical anodization with EG, H2O 1 M, NH4F 0.05 M and 
different 2-HEAA IL concentrations: (a) IL-0, (b) IL-0.25, (c) IL-0.5, (d) IL-1, (e) 
IL-2, (f) IL-4. 
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makes it difficult for the soluble complex [TiF6]2- to form [7,36]. 
From these images (Fig. 2 and S3) it has been possible to determine 

the number of pores per surface unit of the initiation layer formed in the 
top of the nanotubes, as well as their diameters and length (Table 2). 

No significant variation in pore density until the electrolyte reaches a 
concentration of 2-HEAA higher than 1% can be observed in Table 2. 
This agrees with the anodization curves presented in Fig. 1. Once the 
concentration of ionic liquid gets higher than 1%, the number of pores 
greatly decreases until they disappear. This phenomenon is related to 
the rate of the oxide layer formation being faster than the rate of its 
dissolution, and so the initiation layer prevails over the nanotube 
growth. Samples with the highest pore density are IL-0.5 and IL-1, which 
might be related to a better photoelectrocatalytic behavior. 

In addition, for concentrations below 1% v/v of 2-HEAA, the pore 
diameters increase as the amount of ionic liquid in the electrolyte gets 
higher, growing from 38 ± 2 nm at IL-0 to 43 ± 4 nm at IL-1. In the same 
way, nanotubes get longer as the electrolyte becomes more concentrated 
in 2-HEAA, reaching their highest length for IL-1 (5.6 ± 0.6 μm). An 
increase in pore diameter together to higher nanotubes lengths enhances 
the catalytic surface of the samples. Thus, more light absorption could be 
harvested and, therefore, a better photoelectrocatalytic performance 
might be achieved [33]. 

According to the results, a higher concentration of ionic liquid (up to 
1% v/v) increases the conductivity of the electrolyte, which facilitates 
mobility of reagents to the oxide surface and the dissolution of the 
initiation layer previously formed, therefore increasing diameters of the 
pores and nanotubes lengths. However, higher concentrations of IL (IL-2 
and IL-4) obstruct the access of fluorides to the metal oxide layer, 
therefore, hindering nanotubes formation [33]. 

A detailed TEM study was undertaken to complement the data ob
tained by FESEM in order to get further insights into the morphological 
properties of the samples. As expected, the crystalline phase identified 
was for all the cases anatase TiO2 (Fig. S4). Some representative TEM 
images of the ionic liquid (IL) modified TiO2 nanostructures are shown 
in Fig. 3. These images have been taken using pieces of the nano
structures obtained by scratching the surface of the samples, which is the 
part affected by the anodization treatment (the active oxidized 
material). 

In the case of the reference sample (that not treated with IL) a clear 
nanotubular morphology is observed. These tubes present an outer 
diameter of 80–100 nm with a thickness of the walls of 20–30 nm. In 
agreement with that observed by FESEM these nanotubes are packed 
together forming compact structures. 

The treatment with low concentrations of IL (IL-0.25) did not lead to 
a change of the morphology but a clear variation in the nanotube di
mensions. Then, the outer diameter of the nanotubes increases until 
100–130 nm whereas the wall thickness clearly diminishes until 10–20 
nm. A second effect caused by the treatment with ionic liquid is the 
generation of certain microporosity. 

A further increase in the IL concentration (IL-1) meant just subtle 
differences but following a similar trend, i.e., wider tubes (110–140 nm) 
and thin walls (10–20 nm). Finally, the sample treated with the highest 
concentration of IL (IL-4) presented a completely different morphology 
compared to the other samples. Thus, the presence of nanotubes is 
scarce, the main part of the sample consisting in aggregated particles 

with undefined shapes. A deeper analysis of this sample allows us to find 
some small tubes. Interestingly, the tubes are remarkably tinier than 
those of the other samples, with outer diameters of 25–45 nm and wall 
thicknesses of 8–15 nm. 

3.4. Structural characterization of the photoelectrocatalysts 

After electrochemical anodization, samples were annealed, the XRD 
patterns of the different samples are shown in Fig. 4. 

The diffraction peaks observed at 2θ = 25.2 and 48.1◦, can be 
assigned to the TiO2 anatase phase, specifically to the crystallographic 
planes of (101) and (200) [33,37]. The rest of peaks correspond to ti
tanium (2θ = 38.2, 40.9,53.9, 62.2, 70.9 and 76.2◦). 

Fig. 4 shows how the crystallinity of the anatase phase varies 
depending on the amount of ionic liquid used during the titanium 
anodization. Taking as a reference the main peak of the anatase phase 
(101), it is clear that the intensity of this peak decreases when the 
nanostructure is prepared with a 2% v/v 2-HEAA electrolyte, and even 
disappears when the concentration rises up to 4%. A similar behavior is 
observed with the peak corresponding to the (200) plane, which is not 
totally formed for ionic liquid concentrations above 1% v/v. 

Furthermore, crystallite size is a very important parameter in pho
tocatalytic properties of metal oxides. Average crystallite size of nano
tubes was estimated on the basis of the Scherrer equation [38], and the 
results are shown in Table 3. 

Results from Table 3 reveal that nanostructures synthesized with 
ionic liquid content below 2% present very similar crystallite size, unlike 
the IL-4 nanostructure in which this parameter significantly increases. A 
smaller crystallite size is beneficial for the photocatalytic processes 
yield, since the transfer of charge carriers to the catalyst surface is 
improved and the chances of recombination decrease [39–41]. There
fore, it is expected that electrolytes with less than 2% v/v of 2-HEAA will 
provide nanostructures with better photocatalytic properties. 

3.5. Electrochemical and photoelectrochemical characterization of the 
photoelectrocatalysts 

Fig. 5a shows the experimental Nyquist plot for the TiO2 nano
structures formed with different electrolytes, measured in 1 M KOH 
solution at a 0.5 VAg/AgCl potential. 

Fig. 5a shows that the impedance resistances decrease when 
increasing the IL concentration. According to the literature [42,43], EIS 
experimental data of TiO2 nanostructures can be fitted to an electrical 
equivalent circuit made up of two RC time constants associated in series 
(Fig. 5b). In this circuit, constant phase elements (CPE) have been used 
instead of pure capacitors to account for the non-ideality of the system 
[44,45]. 

Rs stands for the electrolyte resistance, while the time constants 
R1CPE1 and R2CPE2 are related to the TiO2 nanotubular structure and to 
the compact TiO2 underlayer, respectively. After the fitting to the 
equivalent circuit, the obtained results are presented in Table 4. Chi- 
squared (χ2) values were used to evaluate the quality of data fitting to 
the proposed equivalent circuit. χ2 values were of a magnitude order of 
10− 3 or lower indicating the suitability of the circuit. This is also shown 
in Fig. 5a, where the simulated data are shown as solid lines. 

Table 4 shows similar Rs values regardless of the ionic liquid con
centration, since the same electrolyte was used in all tests. When 
referring to the porous layer resistance (R1), samples IL-0.5 and IL-1 
show lower values compared to the nanostructure synthesized without 
ionic liquid (IL-0), which can be related to their higher porosity and 
surface area (see Table 2). Hence, it can be inferred that adding 2-HEAA 
to the anodization solution benefits the electron transfer and hole 
diffusion and this would result in a better photoelectrochemical per
formance. For more concentrated electrolytes (IL-2) R1 abruptly drops, 
which may be linked to an excess number of defects, as will be discussed 
below. 

Table 2 
Pore density, pore diameter and nanotubes length of the nanostructures anod
ized in EG, 1 M H2O, 0.05 M NH4F and different 2-HEAA IL concentrations.  

Sample Pore density (nº/μm2) Pore diameter (nm) Nanotubes length (μm) 

IL-0 73.89 38 4.7 
IL-0.25 71.80 40 4.7 
IL-0.5 82.63 42 4.8 
IL-1 83.78 43 5.6 
IL-2 44.74 32 5.2 
IL-4 – – –  
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It should be noticed that R1 value for IL-4 sample is not shown in 
Table 4, since the morphology of this nanostructure consisted of a 
compact TiO2 layer, so, data were adjusted to an equivalent circuit of 
one time constant. 

Table 4 also shows that R2 values are much bigger than R1, since they 
correspond to the compact titanium dioxide layer. 

3.6. Mott-Schottky analysis 

Mott-Schottky plots were carried out at a frequency of 5 kHz for the 
titanium dioxide formed in different ionic liquid concentration electro
lytes, measured in a 1 M KOH solution and scanning the potential from 
0.5 to − 1 VAg/AgCl. Results are shown in Fig. 6. 

The positive slopes of the MS plots shown in Fig. 6 reveal that the 
synthesized TiO2 nanostructures are n-type semiconductors, electrons 
being the dominant charge carriers. 

Mott-Schottky plots allow to calculate the flat band potential (EFB) 
and the donor density (ND) using Eq. (2) [46]: 

1
C2 ≈

1
CH

2 +
1

CSC
2 =

1
CH

2 +
2

e⋅εT ⋅ε0⋅ND
⋅
(

E − EFB −
k⋅T
e

)

(2)  

where CSC is the space charge layer capacitance, CH is the Helmholtz 
layer capacitance, e the electron charge (1.60⋅10− 19 C), ϵ0 the vacuum 
permittivity (8.85⋅10− 14 F/cm), ϵ the relative dielectric constant of TiO2 
(100 [47]), E the applied potential, k the Boltzmann constant 
(1.38⋅10− 23 J/K) and T the absolute temperature [46]. 

Table 5 shows the calculated EFB and ND for all titanium dioxide 

Fig. 3. TEM images of the ionic liquid modified TiO2 nanostructures: LI-0 (a and b), LI-0.25 (c), LI-1 (d), LI-4 (e and f).  

Fig. 4. XRD patterns of TiO2 nanostructures after anodization at 55V in the 
electrolyte composed of EG, H2O, NH4F, and different amounts of 2-HEAA IL. 

Table 3 
Crystallite size of nanotubes synthesized by titanium 
electrochemical anodization using EG, 1 M H2O, 0.05 M 
NH4F and different 2-HEAA concentrations.  

Sample Crystallite size (nm) 

IL-0 21.28 
IL-0.25 22.21 
IL-0.5 22.31 
IL-1 23.49 
IL-2 23.93 
IL-4 30.44  
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nanostructures. 
The donor density is related to the defects of the nanostructures, for 

titanium dioxide being, the oxygen vacancies the dominant defects [48]. 
For ionic liquid concentrations below 1% v/v, all nanostructures present 
similar donor densities, while for greater IL concentrations (IL-2 and 
IL-4) ND increases as the electrolyte gets more concentrated in 2-HEAA. 
This result is in accordance with EIS and XRD data, since IL-2 and IL-4 
showed the lowest R1 values and the lowest degree of crystallinity. 

The increase in donor density can have a positive effect on the 
photoelectrocatalytic behavior, since this fact increases the electrical 

conductivity of titanium dioxide. However, oxygen vacancies can act as 
recombination centers for electrons and holes, which involves a 
decrease in their contribution to the photoelectrochemical process as 
they become trapped [49,50]. 

The flat band potential is the potential at which the semiconductor 
Fermi level is equal to the redox potential of the solution. In other words, 
it is the potential that must be applied in the semiconductor/electrolyte 
interface for the energy bands to remain flat. From Tables 5 and it can be 
inferred that adding ionic liquid to the electrolyte has no significant 
effect on the flat band potential, since values hardly vary. 

3.7. Band gap measurements by ultraviolet–visible spectroscopy 

The band gap values (Table 6) of the different nanostructures were 
calculated using UV–visible spectroscopy and adjusting data to Tauc 
equation (Fig. S5). We must mention that the energy band gaps have 
been directly determined using the classical approach through the Tauc 
Plot. Unfortunately, in the cases where the absorbance below the band 
gap is not negligible (as in our study) the values for the band gaps 
present certain inaccuracy [51]. However, although, the approach fol
lowed in the present article shows some error and must be taken with 
caution, the values found suggest a defined trend. 

According to Table 6, the use of ionic liquid decreases the band gap 
value compared to the preparation without IL. This trend occurs until 
reaching the concentration of 2%, the value for IL-1 being the lowest, 
and all being below the band gap of anatase crystalline TiO2 (~3.2 eV, 
according to the literature [48,52]). The narrowing of the band gap of a 
photoelectrocatalyst means the expansion of the range of wavelengths of 
the solar spectrum which could generate electron-hole pairs. Conse
quently, an increase in the photoelectro-activity of the nanostructures 
takes place [53,54]. 

The sample prepared with the highest concentration of ionic liquid, 
IL-4, presents the highest band gap value, which is even higher than that 
of the reference sample (IL-0). This wide band gap limits the use of these 
nanostructures for photoelectrochemical applications with solar light. 

3.8. Photoelectrochemical water-splitting measurements 

Fig. 7 shows the photoelectrochemical water splitting performance 
under UV-light conditions (λ = 365 nm) for the different nanostructures 
(Fig. 7a) and the photocurrent densities at 0VAg/AgCl vs the ionic liquid 

Fig. 5. (a) Experimental Nyquist of the EIS data, (b) Electrical equivalent cir
cuit used to simulate experimental EIS data. 

Table 4 
Resistances obtained by fitting EIS data to the equivalent circuit of Fig. 5b.  

Sample Rs (Ω⋅cm2) R1 (Ω⋅cm2) R2 (Ω⋅cm2)⋅106 

IL-0 2.42 23.80 1.76 
IL-0.25 2.37 20.39 1.65 
IL-0.5 2.32 15.16 1.24 
IL-1 2.31 16.04 1.32 
IL-2 2.34 7.46 1.16 
IL-4 2.42 – 0.94  

Fig. 6. Mott-Schottky plots obtained at a frequency of 5 kHz for TiO2 nano
structures formed with electrolyte containing different concentrations of 
2-HEAA. 

Table 5 
Flat band potential and charge donor density for TiO2 nanostructures synthe
sized by electrochemical anodization in electrolytes with EG, 1 M H2O, 0.05 M 
NH4F and different 2-HEAA IL concentrations.  

Sample EFB (VAg/AgCl) ND (cm− 3)⋅1019 

IL-0 − 0.72 5.64 
IL-0.25 − 0.72 5.17 
IL-0.5 − 0.68 5.19 
IL-1 − 0.70 4.95 
IL-2 − 0.61 6.62 
IL-4 − 0.69 6.71  

Table 6 
Band gap values (in eV) of the nanostructures 
synthesized by electrochemical anodization in 
electrolytes with EG, 1 M H2O, 0.05 M NH4F and 
different 2-HEAA IL concentrations.  

Sample Band gap (eV) 

IL-0 3.25 
IL-0.25 3.18 
IL-0.5 3.18 
IL-1 3.17 
IL-2 3.19 
IL-4 3.48  
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concentration (Fig. 7b). Photocurrent vs potential curves were carried in 
order to see which of the photocatalysts present the best photoresponse 
for photoelectrochemical water splitting tests, which is achieved when 
the maximum photocurrents (with low and stable dark current density 
values) are obtained. 

Fig. 7a shows that, in all cases, high anodic photocurrent densities 
are reached even at low potentials (see Fig. S6 where photocurrent 
densities reached saturation values at anodic potentials as negative as 
− 0.5VAg/AgCl), which is useful for photoelectrochemical applications, 
since the maximum current density can be achieved by applying low 
polarization. 

According to Fig. 7, it can be concluded that adding ionic liquid has a 
positive impact on the photoelectrocatalytic behavior of TiO2 nano
structures, since the water splitting performances of samples IL-0.25 to 
IL-2 improve when compared to the reference electrolyte (IL-0). How
ever, the addition of an excess of 2-HEAA IL (IL-4) has a negative effect 
on the photoelectrochemical response, showing photocurrent density 
values lower than those obtained for IL-0. 

The nanostructure which presents the best photoelectrocatalytic 
behavior is the sample synthesized with 1% of 2-HEAA electrolyte (IL- 

1). This result is in well agreement with the morphological, structural 
and electrochemical characterization, where this nanostructure pre
sented the largest and longest nanopores, smallest wall thickness, high 
crystallinity and crystallite size and a smaller, though enough, number 
of oxygen vacancies. On the other hand, the IL-4 sample is the nano
structure with the worst photoelectrocatalytic behavior, since the 
structure and electrochemical characterization showed the formation of 
a compact oxide layer, with almost no crystallinity, lowest surface area 
and many defects. 

Fig. 7b shows the trend followed by the photocurrent density 
generated by the synthesized nanostructures, the sample IL-1 being the 
best photoelectrocatalyst for water splitting, since the photocurrent is 
increased 137% in comparison to IL-0. 

Further experiments were carried out doubling the NH4F content 
(from 0.05 M to 0.1 M) and in the absence of NH4F (Fig. 8). 

Fig. 8a compares the photocurrents for photoelectrochemical water 
splitting of the nanostructures anodized with 0.05 M and 0.1 M NH4F 
without ionic liquid (0.1 M IL-0 and IL-0, respectively). Higher photo
currents were obtained for the 0.1 M IL-0 catalyst, since more and larger 
nanopores (56 nm vs. 43 nm diameters) are formed, comparing Fig. 8b 

Fig. 7. (a) Photocurrent transient vs. potential for the TiO2 nanostructures formed using an EG, 1 M H2O, 0.05 M NH4F electrolytes with different concentrations of 
2-HEAA IL under UV-light (λ = 365 nm), (b) photocurrent density generated at 0V by samples synthesized in EG, 1 M H2O, 0.05 M NH4F electrolytes with different 2- 
HEAA IL concentrations. 
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with Fig. 2a. However, just by adding a little amount of 2-HEAA (IL- 
0.25) to the 0.05 M NH4F electrolyte, the photoelectrocatalytic prop
erties are slightly improved in comparison to the 0.1 M IL-0. These 
properties get even better when the ionic liquid concentration rises to 
1% (IL-1), as photocurrent density increases more than 100% with 
respect to the sample labelled as 0.1 M IL-0. Considering the need to 
replace or reduce ammonium fluoride content in order to formulate a 
more sustainable electrolyte, the process can be doubly improved by 
using electrolytes with less NH4F and more 2-HEAA, since it will be more 
environmentally friendly and the synthesized nanostructures will pre
sent a better photoelectrocatalytic performance. 

On the other hand, Fig. 8a also shows that, in order to have 
competitive nanostructures for water splitting applications, it is neces
sary to use, not only a certain amount of IL (1% to have the better 
photoresponse), but also some amount of NH4F, since samples anodized 
without NH4F in the electrolyte but with IL concentration of 1% shows 
the formation of a heterogeneous compact TiO2 layer. That is, by 
anodizing without fluorides no localize attack of the oxide layer occurs 
and neither nanopores nor nanotubes are formed (Fig. 8c). In fact, 
Fig. 8a shows that the photocurrent is reduced in more than 75% for the 
catalyst anodized without NH4F (0 M IL-1) in comparison to the catalyst 
anodized in electrolytes with 0.05 M NH4F (IL-0). 

Further experiments were carried out to verify if by increasing the 
ionic liquid concentration it was possible to form homogeneous nano
tube layers or if it was necessary to incorporate small amounts of NH4F 
to the electrolyte in order to obtain competitive photocurrent densities 
for photoelectrochemical water splitting. 

Fig. S7 (a to c) shows the morphology of the samples anodized 
without NH4F and with an increasing amount of IL from 10 to 50% v/v 
(IL-10, IL 20 and IL-50) obtained by means of FE-SEM. In all cases, the 
morphology of the nanostructure is characterized by a very thin 

heterogeneous compact layer which is detached in same regions. Ac
cording to the morphology of the samples presented in FE-SEM images, 
Fig. S7d shows the current densities vs time registers during anodization 
of the IL-10, IL-20 and IL-50 nanostructures, which are the typical curves 
of a compact layer formation. That is, current density decreases with 
time, firstly abruptly and then, they stabilize. In fact, Fig. 2Se shows the 
photoelectrochemical water splitting tests for the IL-10, IL-20 and IL-50 
samples, presenting photocurrents, in the best case, 80% lower in 
comparison to the IL-0 nanostructure (without IL and with 0.05 M 
NH4F). 

4. Conclusions 

In this work, we demonstrated that the addition of (2-hydroxyethyl) 
ammonium acetate to the traditionally used organic electrolyte 
composed of ethylene glycol, water and NH4F allows the growth of 
nanotubes with different morphological parameters and has a big 
impact on their photoelectrocatalytic performance. 

Using IL concentrations lower than 2% v/v, the addition of 2-HEAA 
improves the conductivity of the electrolyte, which accelerates the 
growth rate of the nanostructures. FE-SEM and HR-TEM images revealed 
that with the electrolyte IL-1, maximum surface area nanotubes were 
obtained with the bigger diameters and length together with the thinner 
wall thickness. For higher IL concentrations (IL-2 and IL-4), the number 
of nanopores decreased, as well as getting smaller and shorter until, 
eventually, disappearing. 

XRD patterns show the presence of the TiO2 anatase crystalline phase 
after annealing at 450 ◦C for 1h. Sample crystallinity decreases for the 
IL-2, where the main anatase peak (101) gets smaller and disappears at 
IL-4. 

According to the electrochemical properties, EIS measurements show 

Fig. 8. (a) Photocurrent transient vs. potential curves for the TiO2 nanostructures formed using EG, 1 M H2O electrolytes with different concentrations of NH4F and 
2-HEAA IL under UV-light (λ = 365 nm); (b,c) FESEM images for (b) 0.1 M NH4F IL-0 and (c) 0 M NH4F IL-1. 
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that electrochemical resistances of the nanotubular layer decrease by 
increasing the IL concentration. On the other hand, MS plots show an n- 
type semiconductor behavior of the catalysts with an important increase 
in the number of defects for electrolytes with IL concentrations higher 
than 2% v/v, which may act as traps increasing the recombination of the 
electron and hole pairs. Additionally, the band gap value considerably 
increases for the IL-4 sample. Regarding to the photoelectrochemical 
water splitting tests the optimum catalyst was the IL-1, presenting 
photocurrents more than 100% higher than that obtained for the IL- 
0 sample and showing better photoelectrochemical response than 
doubling the NH4F concentration in the electrolyte. Therefore, in this 
work, a new approach is presented for a sustainable electrolyte 
formulation. 

Results obtained in this work also confirmed the need of using not 
only a certain amount of IL (1% v/v for the best of our catalysts) in the 
electrolyte to have competitive results for photoelectrochemical water 
splitting applications but also a low NH4F content (0.05 M). 
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